We present the first orbital elements for the massive close binary, HD 101131, one of the brightest objects in the young, open cluster, IC 2944. This system is a double-lined spectroscopic binary in an elliptical orbit with a period of 10.15952 ± 0.00014 days. It is a young system of unevolved stars (approximately 2 million years old) that are well within their critical Roche surfaces. We use a Doppler tomography algorithm to reconstruct the individual component optical spectra, and we apply well known criteria to arrive at classifications of O6.5 V((f)) and O8.5 V for the primary and secondary, respectively. We compare the reconstructed spectra of the components to single star, spectrum standards to determine a flux ratio of f 2 /f 1 = 0.52 ± 0.08 in the V -band. Both components are rotating faster than synchronously. We estimate the temperatures and luminosities of the components from the observed spectral classifications, composite V magnitude, and cluster distance modulus. The lower limits on the 1 Guest Observer, Mount Stromlo and Siding Springs Observatories, Australia 2 Guest Observer, Complejo Astronomico El Leoncito (CASLEO), San Juan, Argentina -2 -masses derived from the orbital elements and the lack of eclipses are 27M ⊙ and 16M ⊙ for the primary and secondary, respectively. These limits are consistent with the somewhat larger masses estimated from the positions of the stars in the Hertzsprung-Russell diagram and evolutionary tracks for single stars.
Introduction
The hot star, HD 101131 (HIP 56726, LS 2420) , is found in the heart of the young open cluster, IC 2944. This cluster contains a population of some dozen, relatively unevolved, Otype stars (Walborn 1987; Mermilliod 2002 ) that forms the ionizing source of the surrounding H II region, Gum 42 (Georgelin et al. 2000) . The two brightest members of the cluster are HD 101131 (O6 V ((f)); Walborn (1973) ) and its nearby companion, HD 101205 (O7 IIIn ((f)); Walborn (1973) ). HD 101131 appears single in speckle interferometric observations (Mason et al. 1998 ), but the spectroscopic evidence to date suggests that it is a close, unresolved binary. Feast et al. (1955) were the first to suspect its spectroscopic binary nature, and they observed double-lines on several occasions. Thackeray & Wesselink (1965) reported on new radial velocity measurements and plans to determine the orbit, but, unfortunately, any subsequent results were never published. The system has been relatively neglected since, save for a single radial velocity measurement by Conti et al. (1977) and one double-lined observation made with the International Ultraviolet Explorer Satellite (IUE) (Penny 1996; Howarth et al. 1997; Stickland & Lloyd 2001) .
We have explored the properties of a number of massive binaries in this series of papers using UV spectra available in the IUE archive. However, in a recent paper (Penny et al. 2002) , we applied many of the same techniques to new optical spectra obtained from the CASLEO and Mount Stromlo Observatories in 1997 and 1998. HD 101131 was also a target during these runs, and here we present the first orbit for this massive binary based on these new optical spectra. We discuss the observations and radial velocity measurements for this double-lined system in §2. We then apply a version of the Doppler tomography algorithm (which we have used to good effect in prior papers in this series) to reconstruct the individual spectra of both components, from which we determine their spectral classifications, projected rotational velocities, and flux ratio ( §3). Finally, we discuss the probable masses and evolutionary state of the binary in §4.
Observations and Radial Velocities
Our spectra were obtained in two observing runs at different sites (see Penny et al. (2002) for details). The first set was obtained with the 2.15-m telescope of the Complejo Astronomico El Leoncito (CASLEO) and REOSC echelle spectrograph during the period 1997 March 19 -28. We extracted 23 orders from these echellograms, and the resulting spectra span the range from 3575 to 5700Å with a spectral resolution of λ/∆λ = 13000. Our second observing run took place at the 74-inch telescope at Mount Stromlo Observatory over the period 1998 April 6 -14. These spectra were made with the coude spectrograph, and the resulting single order spectra cover the range 3804 -4220Å with a reciprocal dispersion of 0.10Å per pixel and a resolution element of 0.30Å FWHM (λ/∆λ = 13400). The spectra were reduced using standard routines in IRAF 3 . The extracted orders of the echellograms were rectified to a unit continuum by fitting a high order spline function to line-free regions. Residual, small amplitude irregularities related to this fitting of the echelle blaze function were removed through a comparison of the same in spectra of the narrow-lined B-star, τ Sco, which was also observed each night. The spectra from each run were collected and transformed onto respective heliocentric wavelength grids.
A visual inspection of the spectra immediately showed evidence of cyclic variation in profile shape over a period of approximately 10 d. However, the lines were only clearly separated in several spectra in the He I λλ4026, 4471 features. Thus, we decided to measure these generally blended features using a scheme of fitting single star, template spectral lines to our observed composite spectra (Penny et al. 2002) .
We used the star HD 57682 (O9 IV; Walborn (1972) ), which was observed in both runs, as the template for the fainter secondary, but, unfortunately, we observed no hot star in common between the CASLEO and MSO runs that could be used as a template for the primary. We selected HD 93160 (O6 III(f); Walborn (1972) ) as the primary star template for the CASLEO spectra, and we used HD 164492 (O7 III((f)); Walborn (1972) ) as the template for the MSO spectra. All of the template spectra stars appeared to be constant velocity objects in our observations. The individual spectra for each template were averaged together to improve the signal-to-noise ratio, shifted to the rest frame, and excised of any obvious interstellar lines. The radial velocities of the template stars were measured by parabolic fitting of lines taken from the list of Bolton & Rogers (1978) , and we found average radial velocities of +25.0 ± 0.5 and +26.0 ± 1.1 km s −1 from the CASLEO and MSO spectra, respectively, for HD 57682; −1.0 ± 2.3 km s −1 for HD 93160 (CASLEO); and +5.3 ± 0.9 km s −1 for HD 164492 (MSO).
Next, we artificially broadened each template spectrum by convolution with a rotational broadening function to produce profiles that matched the spectral components of HD 101131 in the best separated quadrature spectra. We also used these resolved profiles to estimate the line depth ratio between the components. Once these fitting parameters were set, we determined the radial velocities of each component for a given line by a least-squares fit of the shifts required for each template. We used this technique to measure radial velocities for the strongest lines in the CASLEO spectra, specifically H I λλ3797, 3835, 3889, 3970, 4101, 4340, 4861, He I λλ4026, 4471, 4713, 5015, He II λλ4199, 4541, 5411, and O III λ5592. A subset of these (plus the C III λ4070 blend) was measured in the smaller wavelength range of the MSO spectra.
There was no evidence of systematic line-to-line differences in the radial velocity measurements, and so no line specific corrections were applied. The radial velocities from all the available lines were averaged together after deletion of any very discrepant measurements. Finally, we made small adjustments to these averages based on measurements of the strong interstellar Ca II λλ3933, 3968 lines. An interstellar spectrum was formed by extracting the mean spectrum in the immediate vicinity of each interstellar absorption line. We then cross correlated this spectrum with each individual spectrum to measure any small deviations in our wavelength calibration (generally < 2 km s −1 ), and these small corrections were applied to the mean velocities. We found the radial velocity of the interstellar Ca II lines was −6.4 ± 0.2 and −4.9 ± 0.3 km s −1 for the CASLEO and MSO spectra, respectively. Table 1 lists the heliocentric dates of mid-observation, orbital phase, and for each component, the mean radial velocity, the standard deviation of the mean, the observed minus calculated residual from the orbital fit, and the number of lines used in the mean. Table 1 also gives the radial velocities from the double-lined measurements of Feast et al. (1955) and from the single IUE spectrum measured by Stickland & Lloyd (2001) .
We made a preliminary period search using a version of the discrete Fourier transform and CLEAN deconvolution algorithm of Roberts et al. (1987) 
(written in IDL
4 by A. W. Fullerton), and the position of the strongest peak in the CLEANed power spectrum for the combined CASLEO and MSO primary velocities was used as the starting value for a general solution of the orbital elements using the nonlinear, least-squares fitting program of Morbey & Brosterhus (1974) . The produced a satisfactory fit of all the primary velocities with the exception of the IUE measurement, so we made a final fit by assigning zero weight to this point. The secondary radial velocity measurements have larger associated errors (in fact, one very blended measurement was judged unreliable), so we fit these for the systemic velocity, V 0 , and semi-amplitude, K, only, with the other elements set by the solution for the primary. The solutions are listed in Table 2 and the combined radial velocity curve is illustrated in Figure 1 .
We find residuals from the fit that are approximately 15% of the projected rotational velocities ( §3), which is not unexpected given the severe line blending in most of the spectra. The system apparently has a significant eccentricity, but this is not unusual for binaries with similar periods (Mason et al. 1998) . The systemic velocities of the two components are approximately 4 standard deviations apart. The primary's systemic velocity is more negative than the secondary's value, which is what we would expect due to line formation in the greater outflow from photosphere to wind in the more luminous primary. Thackeray & Wesselink (1965) find a mean radial velocity of +1.1 km s −1 for the bright, hot stars in IC 2944, a value which sits comfortably between our results for the systemic velocities and which is probably close to the physical systemic velocity of the binary.
Tomographic Reconstruction
We used the Doppler tomography algorithm described by Bagnuolo et al. (1994) to reconstruct the individual primary and secondary spectra independently from the CASLEO and MSO spectra. We took the radial velocity shifts for each component from the orbital solutions in Table 2 , then the reconstruction was run for 50 iterations with a gain of 0.8 (the results are insensitive to both parameters). The reconstructed spectra are plotted in in Figure 2 in a format similar to that used in the spectral atlas of Walborn & Fitzpatrick (1990) . The reconstructions from the MSO spectra are shown just above those from the CASLEO spectra (in the short wavelength portion of Fig. 2) , and there is good agreement between these two sets of spectra.
We compared the reconstructed spectra with the spectrum standards in the atlas of Walborn & Fitzpatrick (1990) to determine the spectral classifications of the components. The strengths of the He I λλ4026, 4471 lines relative to those of He II λλ4200, 4541 are all consistent with a spectral type of O6.5 for the primary. In particular, the weak but convincing presence of He I λ4387 is more consistent with the O6.5 type than the O6 V((f)) type given for the composite spectrum by Walborn (1973) . The small ratio of Si IV λ4088 to He I λ4026 indicates a main sequence class, as does the near equality of He II λ4686 and He II λ4541. Thus, we classify the primary as type O6.5 V((f)), where the suffix indicates the presence of weak emission in N III λλ4634 − 4640 − 4642. We compare its spectrum in Figure 2 to that of HD 93146, which is given as the standard of this class in Walborn & Fitzpatrick (1990) .
The secondary, on the other hand, has features indicating a cooler temperature and later type. All the He I transitions appear stronger in the secondary's spectrum, and the defining ratios of He II λ4541/He I λ4387 and He II λ4200/He I λ4144 are most consistent with a type of O8.5. The relative strength of the Si IV λλ4088, 4116 lines compared to the neighboring He I λλ4121, 4144 features indicates a luminosity class V, as does the robust strength of He II λ4686. Figure 2 illustrates the good agreement between the spectrum of the secondary and that of HD 46149 that Walborn & Fitzpatrick (1990) use as a standard for type O8.5 V.
The two spectral standards, HD 93146 and HD 46149, provided us with the means to estimate the visual flux ratio, r = F 2 /F 1 , by matching the line depths in the reconstructed spectra with those in the standards. This was done by aligning the reconstructed and standard spectra, adjusting for differences in the placement of the continuum, Gaussian smoothing of the spectra to eliminate differences in projected rotational velocity and instrumental broadening, and then finding a best fit line ratio that allocates a proportion of flux to each component to best match the line depths. We found r = 0.52 ± 0.12 and 0.53 ± 0.12 for the MSO and CASLEO reconstructions, respectively, and we adopted the mean result, r = 0.52 ± 0.08, for the depictions of the reconstructed spectra in Figure 2 .
Finally, we used the the reconstructed spectra to estimate the projected rotational velocities of the components. Our procedure involved calculating a grid of rotational broadening functions for a linear limb darkening law (Wade & Rucinski 1985; Gray 1992 ) and then convolving an observed narrow-lined spectrum with these broadening functions. We focused on the Si IV λ4088 profile for the primary's spectrum since it represents the strongest metallic line (intrinsically narrow) in the range covered by the MSO spectra. We compared the spectral reconstructions from the CASLEO and MSO spectra with broadened versions of the spectrum of the narrow-lined star HD 164492 (V sin i = 48 km s −1 , Penny (1996) ). The best fitting profile matches with the primary's spectrum were made with V sin i = 111 ± 10 km s −1 . The secondary's spectrum shows stronger He I features in the MSO range, so we fit all the profiles in the range between He I λ4009 and Si IV λ4088. Here we compared the secondary's spectrum with broadened versions of the spectrum of the star HD 57682 (V sin i = 33 km s −1 , Penny (1996) ), and the best fits were made with V sin i = 180 ± 14 km s −1 . These are comparable to the estimates from the IUE observation (Penny 1996; Howarth et al. 1997; Stickland & Lloyd 2001) .
Discussion
The mass limits derived from the orbit, M sin 3 i (Table 2) , are quite large, and given the relative scarcity of data on the masses of O-type stars (Burkholder et al. 1997) , it is important to compare our results with predictions based on evolutionary tracks. Since HD 101131 is a member of the cluster IC 2944, we can use the cluster distance modulus to help place the individual component stars in the Hertzsprung-Russell diagram (HRD). We estimated the stellar temperatures from the spectral classifications using the calibrated sequence given by Howarth & Prinja (1989) . These temperatures and other stellar parameters are listed in Table 3 . We used model fluxes from Kurucz (1994) to transform the observed flux ratio ( §3) to the V -band flux ratio, f 2 (V )/f 1 (V ) = 0.52 ± 0.08, so that we could determine the V magnitude of both components. We adopted the composite V magnitude and distance modulus, m − M, from Thackeray & Wesselink (1965) , which agree well with more recent estimates (Tovmassian et al. 1998) . We used the bolometric corrections given by Howarth & Prinja (1989) to arrive at estimates of the individual luminosities, and these are listed in Table 3. Table 3 also includes the resulting stellar radii estimates. We calculated the sizes of the Roche volume radii (Eggleton 1983) for the time of smallest separation (Table 3) , and both stars are well within their critical Roche surfaces even at periastron. Thus, given these stellar dimensions and the youthful appearance of the IC 2944 cluster, it is safe to assume that the interacting stage in this system lies far in the future and that we can compare the stars' evolutionary state with the predictions for single stars with the same physical parameters.
The primary and secondary components are placed in the HRD in Figure 3 together with the evolutionary tracks for single stars from the models of Schaller et al. (1992) . Both stars appear close to the zero-age main sequence, and an interpolation in these tracks gives ages of 1.6 ± 0.4 and 2.7 ± 0.7 million years for the primary and secondary, respectively. The predicted current masses from these evolutionary tracks are listed in Table 3 . Note that both stars are relatively rapid rotators (with angular velocities greater than 2 and 4 times synchronous for the primary and secondary, respectively). Rapidly rotating stars may have luminosities larger than their non-rotating counterparts (Heger & Langer 2000; Meynet & Maeder 2000) , and so the predicted masses given in Table 2 may be slight overestimates.
Lower limits for the masses can be taken directly from the M sin 3 i values, but we can improve these somewhat from light curve considerations. The target was observed by the Hipparcos satellite (Perryman 1997) , and we examined the Hipparcos Epoch Photometry data for any evidence of eclipses based on our orbital ephemeris. There is no sign of any eclipse deeper than 0.01 mag, and so we can use the lack of eclipses together with our estimates of the binary separation at superior conjunction of the primary (the closer of the two conjunctions) and the stellar radii to find an upper limit on the orbital inclination, i < (72
• ± 2 • ). The resulting lower limits for the stellar masses are listed in the final row of Table 3 . We find that the predicted masses are somewhat larger than these lower limits, and, in fact, if the evolutionary masses are correct, then the system inclination is actually i = 59
• ± 2 • . A second consistency check is obtained from the implied mass ratio from the evolutionary models, q = M 2 /M 1 = 0.63 ± 0.05, that agrees within errors with the observed mass ratio, q = 0.59±0.03. Thus, we find that the constraints on the system masses provided by the orbital elements and distance modulus are fully consistent with the predictions from evolutionary tracks, in agreement with the conclusions of Burkholder et al. (1997) for other unevolved close binary systems. The predicted maximum angular separation is 0.15 mas, which may be within the reach of future optical interferometers. Note. -Numbers in parentheses give the error in the last digit quoted. -A comparison of the reconstructed MSO spectra (above) and CASLEO spectra (below) of the primary and secondary with spectra of the same classifications from Walborn & Fitzpatrick (1990) . All the spectra were Gaussian smoothed to a nominal resolution of 1.2Å FWHM for comparable line broadening. 
